It is a longstanding desire of cosmologists, and particle physicists as well, to connect inflation to low energy physics, culminating, for instance, in what is known as Higgs inflation. The condition for the standard Higgs boson playing the role of the inflaton, and driving sucessfully inflation, is that it couples nonminimally with gravity. Nevertheless, cosmological constraints impose that the nonminimal coupling be large. This causes the loss of perturbative unitarity in a scale of energy far below the Planck one. Our aim in this work is to point out that inflaton potential containing a particular type of trilinear coupling involving the inflaton may circumvent this problem by realizing Higgs inflation with tiny nonminimal coupling of the inflaton with gravity. We then develop the idea within a toy model and implement it in the inverse type-II seesaw mechanism for small neutrinos masses.
I. INTRODUCTION
With the advent of precision measurements concerning the power spectrum of the cosmic microwave background radiation (CMB) [1] [2] [3] , the inflationary paradigm [4] [5] [6] has conquered the status of a feasible physical theory that can be put on trial. More specifically, some classes of models can already be discarded when contrasted with cosmological inflation parameters as bounded by the Planck satellite [3] . This is a remarkable achievement once one considers that inflation was hardly taken seriously a few decades ago. After much development, theoretical and experimental, in the physics of the inflationary universe, there are mainly two points that keep challenging people who struggle to make it a robust and, possibly, testable theory at the energy scale probed at the LHC, for example. First, it is not generally easy to reconcile the tiny amplitude of the power spectrum of density perturbations with field theoretical inflationary models without fine-tuning [7] and, secondly, it is not clear how to entertain a natural scenario where inflation might be connected to the low energy physics [8] .
Concerning the first point, models capable of, somehow, connecting inflation to the low energy particle physics inevitably must involve a quartic self-coupling in the inflaton potential, λφ 4 , which is severely constrained by the smallness of the amplitude of curvature perturbation. The difficulty here is finding an inflaton model belonging to the low energy scale that can fulfill the phenomenological inflationary constraints. For example, the main candidate to play the role of the inflaton at the low energy scale is the standard Higgs itself.
However, this case is already discarded since a mass of 125 GeV for the Higgs boson requires λ = 0.6. This value for the quartic coupling does not fit the cosmological observables. For the same reasons, even the straightforward extension of the SM potential with new scalar fields do not guarantee successful inflation.
A way of circumventing these drawbacks is to allow the large nonminimal coupling between the Higgs boson and gravity [9] [10]. This approach, albeit being an appealing inflation mechanism, has been fairly criticized because it suffers from loss of perturbative unitarity at energies far below the Planck scale [11] , although there is some dispute about this being a real obstacle [12] . In view of this, in what concerns the link of inflation to low energy physics, we seem to be at square one again.
In this work we point out that potentials that allow a particular type of trilinear coupling may conciliate inflation with low energy scale for the case of tiny nonminimal coupling of the inflaton with gravity. Such term is the main ingredient of type-II seesaw mechanism.
Thus, as a concrete example, we consider the standard model added by a scalar triplet characterizing the type-II seesaw mechanism for small neutrino mass. We show that when lepton number is assumed to be explicitly violated at very low energy scale (inverse type-II seesaw mechanism), neutrinos develop mass at eV scale and the neutral component of the scalar triplet, which develops mass around TeV scale, may play the role of the inflaton and drives inflation even for the case of a tiny nonminimal coupling of the inflaton with gravity.
The paper is divided in the following way: In Sec. II we present the idea by making use of a toy model. Next, in Sec. III, we develop a real model based on a triplet extension of the standard model. We present our conclusions in Sec. IV.
II. INFLATION MODELS BELONGING TO THE ELECTROWEAK SCALE: CHALLENGES AND SOLUTIONS
Suppose inflation is driven by a scalar field, h, whose potential is,
In order for this potential to fit the phenomenological inflationary constraints in the form of small slow-roll parameters ( , η 1) and cosmological perturbations (∆ 2 R = 2.215 × 10 −9 ), we need to choose λ h ≈ 10 −12 . This is in direct contradiction to the observed Higgs mass at the LHC, being the reason why the standard Higgs boson cannot drive inflation once its self-coupling is already fixed at ≈ 0.6. Another problem with Higgs inflation concerns the vacuum stability of its potential that is stable up to energies around 10 11 GeV, this is particularly troublesome for inflation that involves energies above the Planck scale.
Suppose now that there are two scalar fields h and σ composing the following potential:
This potential may represent an extension of the Higgs sector of the SM by a singlet scalar σ. If one assumes that inflation occurs in the σ direction then, the term that matters during inflation is λ σ σ 4 , and the inflaton mass is given by m σ ≈ √ λ σ v σ where v σ is the vacuum expectation value (vev) of σ. Nevertheless, as we have already mentioned, the constraints from CMB imply λ σ ≈ 10 −12 , and if we wish to connect inflation to low energy physics, imposing v σ at electroweak scale, we see that the inflaton acquires a very tiny mass, jeopardizing the reheating phase. The vacuum stability problem may be softened by the mixing coupling λ σh though. Then, in summary, the smallness of inflaton quartic coupling, tuned to produce the observed amplitude of curvature perturbation, is the constraint that seems to impede inflation to be implemented at the electroweak scale.
On the other hand, by allowing a non-minimal coupling between the Higgs boson and gravity as follows,
where M P is the reduced Planck mass and R is the Ricci scalar, one may have the SM Higgs boson driving successful inflation [10] . However, the price to pay for this is that ξ must take large values, more specifically around 10 4 . The unpleasant consequence of this result is that perturbative unitarity is lost at an energy scale dictated by
, lower than the Planck scale by 4 orders of magnitude. Such a proposal has provoked an intense discussion as to whether such theories make sense when quantum corrections are taken into account, since
. Without taking part in this issue, this approach encouraged the search for models that connect inflation to the electroweak scale physics.
In this sense, we discuss what an extension of the standard Higgs potential might contain in order to posses an inflaton that belongs to low energy scale and drives successfully inflation.
Before going to a realistic scenario, let us consider the potential in Eq. (2) augmented by the trilinear term µh 2 σ. During inflation the λ σ σ 4 term dominates. The amplitude of curvature perturbation still requires a very small λ σ , but now its influence on the inflaton mass is very small once the trilinear term contributes to the mass of σ by m
v h . For µ around v σ , the inflaton mass is around v h , the vev of h, regardless of λ σ 1. In the next section we discuss a realistic implementation of this idea in a rather phenomenological model where such a trilinear term is necessary in order to generate the seesaw mechanism for small neutrino masses.
III. INFLATION IN THE TEV TYPE-II SEESAW MECHANISM
Let us consider the SM augmented by the scalar triplet ∆,
which has hypercharge, Y = 2 and lepton number, L = −2. The scalar potential can be written as
where
is the standard Higgs doublet. The trilinear term explicitly violates lepton number with the parameter µ being the energy scale associated to such violation. The neutral components of H and ∆ are shifted in the conventional way
Consider the lepton number violating scale µ. Although it can take any value, it seems that people tend to assume high values. However, there is no apparent reason to not stick to low values too. Here we follow the t' Hooft naturalness argument which says that a small µ is more natural than a high one because symmetry is enhanced when µ → 0 [15] . In this case we refer to such a mechanism as the inverse type II seesaw one [16] .
In what concerns neutrino physics, the importance of the trilinear term in the potential above reveals in the relation v δ Because of the trilinear term the δ 0 mass provided by the potential above is given by
h and the mixing between δ 0 and h is of the order of
revealing that δ 0 decouples from h.
We now address inflation in the context of this model. We remark that in this model too, the Higgs boson, h, cannot play the role of the inflaton, given that its mass is predominantly dependent on λ, which would be constrained to extremely small values when considering the amplitude of primordial density perturbations. This is in disagreement with the large value λ has to assume so as to recover the observed Higgs mass. However, the δ 0 is at hand and, as we are going to show, it is perfectly suitable to incarnate the inflaton field, and that is the direction we choose for inflation to happen. For previous works with scalar triplet inflation, see [19] [20] . In the first, the scalar triplet belongs to GUT scale. The second considers heavy triplet and inflation scenario involving large nonminimal coupling of the inflaton with gravity. Our case is different from both of these even in the form of the potential during inflation and in the phenomenology of the scalar triplet at low energy scale.
During inflation, the relevant piece of the scalar potential is V (δ) ≈ 
h , does not depend on the tiny couplings, λ 2 and λ 3 , constrained to fit the amplitude of curvature perturbation.
For the set of values we already displayed above, µ ≈ 0.1 keV, v δ = 1 eV and v h =
10
2 GeV, we obtain m δ ≈ TeV, which is very appropriate for generating an efficient reheating phase. Notwithstanding, at this stage, this model is unable to yield neither the observed spectral index n s nor the tensor to scalar ratio r, as extracted from Planck 2015 results [3] .
A way out is to either consider radiative corrections to the potential [21] or nonminimal coupling of δ with gravity . In what follows we develop the second option.
Although both, h and δ, may couple nonminimally to gravity according to ξ h h † hR + ξ δ δ † δR, for simplicity we suppose that inflation happens along the δ direction only. In practical terms this means ξ h = 0 and that large field values (Planckian) are assumed by δ only. In this case our Lagrangian of interest in the Jordan frame contains the terms,
The Jordan frame is the physical one, but we can go to the Einstein frame, by a Weyl transformation, where the dynamics of inflation is simpler to investigate.
Such a transformation involves the relations [22] g µν = Ω 2 g µν where
In the Einstein frame the Lagrangian should contain the following terms,
. In order to obtain the potential U in terms of χ δ we write δ as a functional of χ δ , by integrating Eq. (7) and substituting the result in V (δ[χ δ ]). For the case where ξ δ > 0, we have [23] [24]
We restrict ourselves to the situation where ξ δ 1, thus simplifying the above expression [25] .
In this case the potential as a function of χ δ is given by
This potential is not exponentially flat as in the case of large ξ δ considered in [20] . Surprisingly, it is flat enough to get in accordance with the phenomenological inflationary constraints in the form of ∆ Let us now treat the issue of inflation that takes place when the slow roll approximation is satisfied, ( 1, η 1), where
with M P = 2.4 × 10 18 GeV.
The spectral index n S and the scalar to tensor ratio r are defined as [27] n S = 1 − 6 + 2η, r = 16 ,
For a wave number k = 0.05 Mpc −1 , the Planck results indicate n S = 0.9644 ± 0.0049 and r < 0.149
The number of e-folds is given by
where (χ δ ) f marks the end of inflation and is defined by ( , η) = 1. Its value is (χ δ ) f = 8.30 × 10 18 GeV. To find (χ δ ) i we set N = 60 and solve Eq. (13) In FIG. 1 we present our results by plotting r versus n s generated by the potential U (χ δ ).
We varied ξ δ from 10 −4 up to 10 −2 for N = 50(green line) , 55(blue line) , 60(red line). Perceive that for N = 60 and ξ δ = 10 −2 the model predicts r ∼ 0.05. In general, the larger ξ δ is, the smaller r gets. For previous work of the Higgs-inflation scenario considering ξ ≤ 1, see [25] . It is interesting to notice that even for ξ δ 1 the nonminimal coupling still plays an important role in providing a better accuracy of the spectral index and the tensor to scalar ratio than inflation driven by a potential with quartic coupling and minimal coupling to gravity. This result is encouraging in the sense that the low energy inflation model may arise from gauge theory where the scalar potential has the general form of Eq. (5). We know from recent results that inflaton potential composed exclusively by quartic coupling is practically excluded [3] . However when we consider this potential but now with a nonminimal coupling between the inflaton and gravity, we see that acceptable inflation is achieved even for tiny non-minimal coupling. This remarkable outcome allows us to connect inflation to low energy physics within models where the inflaton mass does not depend dominantly on the quartic coupling anymore. For a supersymmetric model that can lead to successful inflation along the same line, see [28] FIG. 1: Triplet inflation predictions for n S and r with ξ δ varying from 10 −4 up to 10 −2 .
The region in blue is the Planck15 data at the 68% and 95% CL After the inflationary phase, the inflaton oscillates around its vev giving rise to the reheating phase [29] [30] [7] . In canonical inflation, reheating is achieved by the decay of the inflaton into pairs of standard particles. In the presence of nonminimal couplings, be it tiny or large, things are significantly more complicated and numerical study in lattice is made necessary. This is so because during reheating perturbative and nonperturbative effects [31] are mixed. Here, following Ref. [24] , we just argue why perturbative decay of the inflaton in pair of standard particles is not instantaneous as in the canonical inflation case. The two conditions for perturbative decay of the inflaton are: enough phase space, which translates in M χ δ > 2m f and that the decay rate, Γ δ→2f , be greater than the rate of expansion
For we have an idea of the complexity of the situation, for the case of the standard Higgs as the inflaton, the Higgs condensate must oscillate 10 12 times before the decay rate into electrons overtakes the Hubble rates [24] . In our case, the triplet ∆ generate mass exclusively to the standard neutrinos. Thus
18 GeV we get m ν M δ . Thus, our case is not different from the other Higgs inflation scenarios and numerical studies in lattice will also be necessary.
IV. CONCLUSIONS
To connect inflation with low energy physics is a longstanding desire of cosmologists and particle physicists as well. The quest for a mechanism capable of linking inflation with phenomenological particle physics models has received extensive attention lately. That is so since the proposal that large nonminimal coupling of scalars with gravity may allow that the In practice the difficulties are to conciliate an inflaton belonging to low energy physics with a very small inflaton quartic self-coupling, as required by the amplitude of curvature perturbation. This is so because in the majority of the models the inflaton mass depends dominantly on the quartic self-coupling. A way out of this problem is to look for inflation models whose potentials contain a trilinear term composed by the inflaton and the Higgs boson. This avoids the inflaton mass getting dominantly dependent on the quartic coupling.
We presented the idea, first, in a toy model and next developed it in a realistic scenario where inflation is implemented within the inverse type-II seesaw mechanism. In this model the inflaton gains mass around the TeV scale. Thus, by a simple extension of the standard model through a Higgs triplet belonging to TeV scale we may explain the smallness of the neutrino masses and realize inflation with a inflaton connected to low energy physics in a model that may be probed at the LHC [16] .
In what concerns vacuum stability and Higgs inflation, we drive the readers to the works 
